Key to collective cell migration is the ability for cells to rearrange their position with respect to their neighbors. One factor identified by experiments to affect cell rearrangement is the number density of cells in the monolayer. This experimental observation contrasts with recent theoretical models, which suggest that changes in cellular rearrangements result from cell forces rather than number density. The theory demonstrated that rearrangements and forces are related through cell shape, with cells having more elongated shapes and greater perimeters more easily sliding past their neighbors within the cell layer. Though it is thought that cell perimeter is affected primarily by adhesion and cortical tension at each cell's periphery, experimental testing of this hypothesis has produced conflicting results. Here we studied collective migration in an epithelial monolayer by measuring cell forces, perimeters, and motion, and found all three to decrease with either increased cell density or inhibition of cell contraction. In contrast to previous understanding, the data suggest that cell shape and rearrangements are driven neither by density nor by forces at the cell periphery but rather by tractions at the cell-substrate interface. This observation is confirmed by an experiment that shows increasing tractions reverses the effect of density on cell shape and rearrangements. These findings reconcile observations of experiments and theory and establish cell-substrate traction, rather than cell-cell force, as a dominant physical factor controlling shape and motion in collective cell migration.
Introduction
In numerous cases in human health and disease, epithelial cells transition from a static, motionless state to an active, migratory state. The active cell migration may generate new tissue, as in embryonic development, or further the spread of disease, as in cancer progression (1) (2) (3) . In either case, a critical step is the transition from motionless to migratory. Experiments have observed this transition (3) (4) (5) (6) (7) (8) , and demonstrated that it is akin to the jamming transition that occurs in particulate matter (9, 10) . By analogy to the effect of density on jamming of rigid particles (9, 10) , one might expect the transition from migratory to motionless in a cell collective to result from an increase in cell number density, and indeed this prediction has been observed in experiments (4, 6, 8, (11) (12) (13) (14) . How the cell density affects the collective cell migration remains unclear, however, because the analogy between granular materials and cells is imperfect. In granular materials, the density-induced jamming transition is related to packing of particles and the free space available for motion, but cells within a monolayer cover all free space (15) . The mechanism causing jamming must therefore differ for cell monolayers and granular materials, though the differences remain unclear.
It may be that the effects of density on motion are indirect, which would mean that the motion is controlled by some other underlying physical factor. Previous studies have proposed changes in density to coincide with altered cell-cell adhesions, contraction, or motility (6, 12, 13, 16) , but there remains no clear link between these various factors. A useful starting point to study collective migration is a set of theoretical models that give each cell a tendency to achieve a preferred area, A0, and a preferred perimeter, P0 (15, (17) (18) (19) (20) (21) (22) . The preferred cell perimeter is thought to be controlled by the mechanical components at each cell-cell interface (5, 15, (17) (18) (19) (20) (21) (22) (23) . More specifically, tension within the cell cortex tends to reduce each cell's preferred perimeter, similar to how surface tension of a water droplet tends to minimize its surface area. Cell-cell adhesion molecules have the opposite effect, tending to increase the preferred perimeter. The models demonstrate that A0 and P0 can be combined into a dimensionless preferred shape index, p0 = P0A0 -1/2 , which controls the collective motion-a greater p0 reduces the energy barriers for cell rearrangements, thereby facilitating motion within the cell layer (15, (17) (18) (19) (20) (21) (22) . Because p0 is linearly proportional to the preferred perimeter, we refer to it hereafter as the dimensionless preferred perimeter.
Though experiments have confirmed the relationship between dimensionless perimeter and migration (5) , there remain numerous contradictions between the experimental data and the theory (15, (17) (18) (19) (20) (21) (22) . Firstly, greater actomyosin contraction is expected to produce greater cortical tension, which would tend to reduce the average cell perimeter, thus tending to diminish collective rearrangements. In contrast, experimental data show that motionless cells with smaller perimeter contract less than freely moving cells with larger perimeter (5, 24, 25) . Secondly, the theory predicts that collective rearrangements are related to the variable p0. As p0 is dimensionless, the theory predicts that the energy barriers for cell rearrangements are independent of cell size and, therefore, that they are independent of number density. By contrast, experiments have shown a clear relationship between increasing number density and decreasing cell rearrangements (4, 6, 8, (11) (12) (13) (14) .
To resolve these inconsistencies, we study factors affecting dimensionless perimeter and rearrangements in monolayers of epithelial cells. In response to increased number density or inhibitors of actomyosin contractility, cell traction, dimensionless perimeter, and rearrangements decreased. We further show that by activating actomyosin contraction, the established relationship between density and rearrangement can be reversed. The commonality underlying all experiments is the relationship between tractions, dimensionless perimeter, and rearrangements, in agreement with a theoretical prediction (19) . Our results therefore point to propulsive traction as the main factor controlling both shape and motion in collective cell migration.
Materials and Methods

Cell culture
Madin-Darby canine kidney type II cells, expressing GFP with a nuclear localization signal were supplied by Prof. David Weitz, Harvard University. The cells were maintained in lowglucose Dulbecco's modified Eagle's medium (12320-032; Life Technologies, Carlsbad, CA) with 10% fetal bovine serum (Corning, NY) and 1% G418 (Corning) in an incubator at 37ºC and 5% CO2. For experiments using blebbistatin, cytochalasin D, and SMIFH2, cell media was replaced with 2% fetal bovine serum 3-4 hours before the treatments. For experiments with CN03, cell media was replaced with 1% fetal bovine serum one day before the treatment. Time lapse experiments were performed for 4-6 hours to maintain a relatively constant density.
Polyacrylamide substrates
Polyacrylamide gels with Young's modulus of 6 kPa and thickness of 150 μm were prepared with fluorescent particles located at the top. A gel solution of 5.5% weight/volume (w/v) acrylamide (Biorad Laboratories, Hercules, CA), 0.2% w/v bisacrylamide (Biorad) was prepared, and 20 µL was pipetted onto #1.5 glass bottom dishes (Cellvis, Mountain View, CA). A glass coverslip (18-mm diameter circle) was placed on top of each gel and removed after the gel solution was polymerized. Then, a second gel solution with composition of the first gel plus 0.036% w/v fluorescent particles (diameter 0.5 µm, carboxylate-modified; Life Technologies) was prepared, and 20 µL was pipetted on the polymerized first gel. Again, a coverslip was placed on top, and the dishes were centrifuged upside down to localize the fluorescent particles to top of the second gel. The top surface of the second gel were functionalized with type I rat tail collagen (BD Biosciences, Franklin Lakes, NJ; 0.01 mg/mL, 1-2 mL per 18-mm diameter gel) using the covalent cross-linker sulfo-SANPAH (Pierce Biotechnology, Waltham, MA).
Micropatterning confined cellular islands
Polydimethysiloxane (PDMS) (Sylgard 184, Dow Corning, Midland, MI) was poured onto plastic dishes to cure for 4 hours on a hot plate at 70ºC to make 400-600 µm thick sheets. These sheets were cut into 16 mm circular masks, and biopsy punches (1 mm diameter) were used to make holes in the PDMS masks. The masks were sterilized with 70% ethanol and incubated overnight at room temperature in 2% Pluronic F-127 (Sigma-Aldrich, St. Louis, MO) to prevent cell adhesion to the masks. Masks were placed on the polyacrylamide gels before functionalizing with sulfo-SANPAH and collagen, thereby constraining the collagen to circular patterns on the gels. 300 µL of cell solution of concentration 0.5 million cells/mL was pipetted onto the masks and incubated at 37ºC for 2 hours. The masks were then removed and the patterned cell islands were placed in the incubator at 37ºC and 5% CO2 until they attained the desired density for imaging.
Widefield microscopy
Images of the cell islands and the fluorescent particles were captured every 5 or 10 minutes using phase contrast and fluorescent modes of an Eclipse Ti microscope (Nikon, Melville, NY) with a 20× numerical aperture 0.5 objective and an Orca Flash 4.0 digital camera (Hamamatsu, Bridgewater, NJ) running Elements Ar software (Nikon). The imaging environment was maintained at 37°C and 5% CO2 using a H301 stage top incubator with UNO controller (Okolab USA Inc, San Bruno, CA). After the time lapse experiments, cells were removed from the polyacrylamide substrates by incubating in 0.05% trypsin for 20 minutes, and images of the fluorescent particles were collected; these images provided a traction-free reference state for computing cell-substrate tractions.
Traction force microscopy
Cell-induced displacements of the fluorescent particles were measured using Fast Iterative Digital Image Correlation (26) using 32x32 pixel subsets at a spacing of 8 pixels (5 µm). Cellsubstrate tractions were computed using unconstrained Fourier transform traction microscopy (27) accounting for the finite substrate thickness (28, 29) .
Cell velocities and trajectories
Cell velocities were measured using Fast Iterative Digital Image Correlation (26) from phase contrast images of cell islands. Consecutive images were correlated, and the resulting displacements were divided by time to compute velocity. Subsets of 48x48 pixels were used with a spacing of 12 pixels (8 µm). The cell island boundaries were detected using Matlab 2015a code written based on Ref. (30) . The cell trajectories were calculated by summing the cell displacements over the total imaging time.
Mean square displacements
Mean square displacements (MSD) were computed to quantify cell rearrangements according to the equation
where ( ) is the position of the ℎ cell at time t and the brackets <> denote an average over all cells and time points or, when stated in the text, an average over all time points. As tractions were nearly constant for a time span of 120 min, the MSD was computed over a time span of 120 min.
Chemical treatments
Chemical treatments were blebbistatin (Sigma-Aldrich), cytochalasin D (Sigma-Aldrich), SMIFH2 (Sigma-Aldrich), and CN03 (Cytoskeleton, Inc, Denver, CO). Stock solutions of blebbistatin, cytochalasin D, SMIFH2, and CN03 were prepared at 20 mM, 2 mM, 20 mM, and 0.1 g/L respectively, all dissolved in DMSO except CN03 in water. The stock solutions were diluted in PBS to obtain desired concentrations for the experiments.
Immunofluorescence and confocal microscopy
For immunofluorescent labeling, MDCK cells were seeded to form monolayers/islands of required confluence and treated with the chemical of interest. After 3 hours, the cells were rinsed twice with PBS and fixed with 4% paraformaldehyde in PBS for 20 minutes. The cells were washed with Tris-buffered saline twice for 5 minutes each. For actin staining, cells were incubated in 0.1% Triton X-100 for 5 minutes at room temperature, and then placed in 3-5 units/mL solution of Phallodin Dylight 594 (Life Technologies catalog no. 21836). For E-cadherin and myosin staining, cells were treated with E-Cadherin rabbit antibody (1:200 ratio; Cell Signaling, Danvers, MA, catalog no. 24E10) or phospho-Myosin Light Chain 2 (Ser 19) rabbit antibody (1:100 ratio; Cell Signaling catalog no. 3671). After washing the cells, Alexa 647 antirabbit secondary antibody (1:400 ratio; Life Technologies, catalog no. A-21245) was used for fluorescent staining.
Fluorescently labeled cells were imaged with a Nikon A1R+ confocal microscope with a 40× NA 1.15 water-immersion objective with a step size of 0.5 µm using Elements Ar software (Nikon). For imaging cortical actin, E-cadherin, and phosphorylated myosin light chain (pMLC), image stacks were captured near the apex of the cells, and a maximum intensity projection having a thickness of 3 µm was computed. For imaging stress fibers, image stacks were captured at the base of the cells, and a maximum intensity projection having thickness of 1.5 µm was computed. Representative images shown in the figures were cropped and pseudocolored using ImageJ.
Measurement of dimensionless cell perimeter
A maximum intensity projection of the z-slices near the apex gave images of the cell boundaries. The cells were then segmented using Seedwater Segmenter (31) . Each cell's perimeter P and area A were computed from the segmented images, using the regionprops function in Matlab 2015a. The dimensionless cell perimeter q was then computed as q = PA -1/2 . Finally, the average of q, <q>, was computed over 100-150 cells.
E-cadherin, pMLC, and stress fiber analysis
Segmented images of cells were used to determine regions containing E-cadherin, pMLC, and stress fibers. The segmented images were dilated by 1 μm. E-cadherin and pMLC were defined to be within the dilated images; stress fibers were outside of the dilated images. To analyze E-cadherin, pMLC, and stress fibers, the focal plane corresponding to the maximum intensity of E-cadherin, pMLC, or stress fibers was used.
Order parameter
We quantified actin stress fiber alignment using an order parameter S defined in Ref. (32) . For this, we calculated the angle at each pixel inside a cell of interest using the OrientationJ plugin (33) in ImageJ and computed the average of the angles, . The order parameter S for the cell is defined as
where the brackets <> indicate an average over all positions within the cell. The order parameter S attains a value of 1 for fully aligned stress fibers and 0 for random alignment.
Statistical analysis
Unless otherwise noted, each colored dot or line in the plots is an average taken over a different cell island or monolayer and represents an independent biological sample. Tractions and MSD were measured in cell islands, while cell perimeter, fluorescence, and order parameter were computed in larger cell monolayers. Statistical comparisons between groups were performed using a two-sided Student's t-test or, for multiple groups, one-way ANOVA with Tukey's correction for multiple comparisons. Analyses were performed in Matlab 2015a.
Results
We began with the well-established observation that cell density affects collective cell migration, with higher density tending to arrest rearrangements within a cell monolayer (4, 6, 8, (11) (12) (13) (14) . We seeded the cells at different densities in 1 mm micropatterned islands. Imaging showed high density islands had 3-4 times as many cells as low density islands (Fig. 1a, c) . Cell trajectories showed a difference in motion, with cells in high density islands remaining stuck in place but cells in low density islands moving more freely (Fig. 1b, d; Fig. S1 ). Notably, in low density islands, collective swirls can be observed (Fig. S1 ), indicating the presence of collective packs. For one pack to slide past another, cells must rearrange their local position with their neighbors. To quantify the rearrangements, we computed the mean square displacement (MSD, Eq. 1) of all cell trajectories in each island over a time interval of 120 minutes (Fig. 1e) . The MSD grows quadratically in time if cells move in a straight line; it grows more slowly than this if cell trajectories bend or curve, as would occur if cell motion is impeded by neighboring cells. We therefore fit the MSD to a function of the form MSD ~ Δt α with the exponent α quantifying the cell motion. Consistent with previous studies (4, 6, 8, (11) (12) (13) (14) , the average of MSD over all cells in high density islands had a smaller value of α than cells in low density islands (Fig. 1f) , indicating more constrained migration. We also analyzed the MSD of individual cell trajectories, averaging only over time (Fig. S1c) . For both low and high density islands, the exponent α computed from the individual cell trajectories ranged from 0.5 to 2, but α was significantly smaller in high density islands with little overlap between the two data sets (Fig. S1d) . This provides additional evidence that low density islands exhibit more cell rearrangements than high density islands. Consistent with previous experiments (5, 25) , the reduction in rearrangements also coincided with a decreased average dimensionless perimeter <q> (see Methods for definition, Fig. 1g ).
Our observations of the relationship between <q> and cell rearrangements agree with theoretical models (15, (17) (18) (19) (20) (21) (22) , but, in contrast with our experiments, the models suggest that energy barriers for cell rearrangements are independent of density. To resolve this apparent contradiction, we hypothesized that changes in cell number density coincide with changes in factors proposed by the models to affect the migration. Since cell perimeter q decreased with increasing density (Fig. 1g) , we began by considering the forces at the cell periphery. According to current understanding (5, 15, (17) (18) (19) (20) (21) (22) (23) , a decrease in the actual perimeter q is caused by a decrease in the preferred perimeter p0, which can result from an increase in cortical tension or a decrease in cell-cell adhesion. To quantify cortical tension, we stained for pMLC in the cortex, which is a useful readout of cortical tension, as validated by laser ablation (34) (35) (36) and mechanical inference (37) . Surprisingly, density had no effect on cortical pMLC intensity (Fig.  2c-e) , implying no change in the cortical tension. We next considered cell-cell adhesion by Ecadherin, which is associated with changes in cell-cell contact areas and cell sorting (38, 39). Fluorescent imaging showed no differences in E-cadherin at low and high densities implying no change in cell-cell adhesions (Fig. 2a, b, f) . These data suggest no change in either cortical tension or adhesion, indicating no change in preferred perimeter p0. We also quantified forces produced by the cells and observed the root-mean-square (RMS) of traction to decrease with increasing cell density (Fig. 2g) , consistent with the inverse relationship between cell density and cell contraction observed in other studies (11, 12, 16, 40, 41) . The data therefore show a relationship between cell rearrangements, dimensionless perimeter, and traction but not adhesion or cortical tension.
To investigate further the effects of adhesion, cortical tension, and traction on shape and motion, we designed experiments to modulate actomyosin contraction by treating with blebbistatin to disrupt myosin II and cytochalasin D to disrupt actin polymerization. The RMS traction was measured before and after each treatment and normalized to the value before the treatment. The RMS tractions were reduced by both treatments in a dose-dependent manner and remained nearly constant for 1 to 3 hours after each treatment (Fig. 3a, b) . Averaging over this time window gave a single scalar measure of traction for each cell island. Statistical comparison showed that both inhibitors significantly decreased the RMS traction (Fig. 3c, d) . To relate the tractions to cell rearrangements, we computed the MSD for the same time span (Fig.  S2) . Both inhibitors reduced the exponent α of MSD (Fig. S2) , implying reduced cell rearrangements, which is perhaps unsurprising. Blebbistatin also caused cell-cell junctions to become more curved (Fig. 3h) implying reduced cortical tension (25, 34) , whereas cytochalasin D decreased the amount of pMLC at the cortex (Fig. 3j) , also implying reduced cortical tension (34) (35) (36) . These observations are consistent with the fact that cortical tension results from actomyosin contractility (23) . More interesting is the effect of the treatments on dimensionless perimeter. Even though the reduced cortical tension would be expected to increase the dimensionless cell perimeter, the two treatments reduced it (Fig. 3e, f) . To rule out a confounding effect of adhesions, we fluorescently labeled E-cadherin. The treatments had no significant effect on E-cadherin intensities (Fig. S3 a-c, e) , indicating no effect of the treatments on adhesion.
The data in Figs. 1-3 lead to the same conclusion, namely that cell rearrangements and average dimensionless cell perimeter <q> decrease as cell contractility is reduced. This conflicts with current understanding, that a decrease in cortical tension should increase the cell perimeter and facilitate rearrangements (5, 15, (17) (18) (19) (20) (21) (22) (23) . Nevertheless, the data show a clear relationship between greater perimeter and more cell rearrangements, as quantified by the slope of MSD and predicted by theoretical models (15, (17) (18) (19) (20) (21) (22) . The only plausible explanation is that the average perimeter <q> is closely related to motion, but it results from some factor other than the preferred perimeter p0. The most reasonable factor appears to be traction, which increases as both perimeter and rearrangements increase (Figs. 1-3) . Further justification for the importance of traction comes from a theoretical model, which predicted that average perimeter <q> can be increased by propulsive traction (19) .
The notion that traction controls the perimeter more so than cortical tension or adhesion is unexpected, because the forces of cell traction are not applied at the cell's periphery but rather at the cell-substrate interface. The only logical explanation for tractions having a dominant effect on the perimeter is that the forces associated with traction must be far larger than forces of cortical tension and adhesion. To demonstrate this, we imaged stress fibers for cells in monolayers of high and low density. The images showed a clear difference, with cells at high density having fewer and less aligned stress fibers (Fig. 4a, b) , and in agreement with the lower tractions produced (Fig. 2g) . To quantify stress fiber alignment, we computed an order parameter S (Eq. 2) which attains a value of 0 when stress fibers are randomly aligned and 1 when they are fully aligned. The average value of order parameter S was 0.59 for cells at low density and 0.43 for cells at high density (Fig. 4c) . Similarly, both blebbistatin and cytochalasin D dramatically reduced the number of stress fibers (Fig. S3a-c) .
As a further test of the relationship between stress fibers and perimeter, we used SMIFH2 to inhibit formins, which bundle actin filaments to form actin stress fibers (42) . Two concentrations (20 μM and 40 μM) of SMIFH2 decreased the traction by 60% and 65% respectively (Fig. S4a-b) . The treatment reduced stress fibers and their alignment (Fig. 4d, e) as confirmed by the order parameter S (Fig. S4c) . The effect of SMIFH2 on cell rearrangements was not quantified, because the effects of SMIFH2 wear off after ~1 hour of treatment (43) . Consistent with this, the tractions increased over time after 1 hour (Fig. S4a) . Nevertheless, the inhibitor caused a dosedependent decrease in the dimensionless perimeter <q> (Fig. 4f) , giving additional evidence of the connection between stress fibers and average perimeter <q>. Notably, when stress fibers are present, they span the entire cell-substrate interface, which has an area far greater than that of the cell-cell interface. It is therefore reasonable to infer that the forces of cell-substrate traction are far larger than forces in the cortex at cell-cell adhesions. This would explain how tractions affect the average cell perimeter even though they act inside the cell's boundaries rather than at its periphery.
In all our experiments, the data suggest that tractions are the primary driver behind cell perimeter and rearrangements. We therefore hypothesized that the effect of density on cell perimeter (Fig. 1g) and rearrangements (Fig. 1e-f) could be reversed by increasing cellsubstrate tractions. To test this, we seeded islands at two different densities, differing by a factor of approximately two. As in Fig. 1 , cells at high density had a lower perimeter <q> and rearranged less than cells at low density (Fig. 5a-c) . To increase cell-substrate tractions in high density islands, we treated them with the Rho activator CN03 (2 μg/mL), which increased stress fiber alignment (Fig. S5, Fig. 5d ) and increased the RMS tractions by a factor of approximately 3 (Fig. 5e, f) . The treatment also increased the dimensionless perimeter <q> such that it became statistically indistinguishable from cells at low density (Fig. 5a) . Furthermore, the Rho activator significantly increased cell rearrangements in the high-density cell islands ( Fig. 5c; S6a-b) .
Together, the data demonstrate that by increasing cell-to-substrate tractions, the effect of cell density on perimeter and rearrangements can be reversed.
Discussion
Though the relationship between force and migration in a cell monolayer is still poorly understood, a useful framework is the analogy between cell monolayers and glassy materials, specifically the transition between fluid-like and solid-like states (44) . Perhaps the strongest evidence for this analogy is the observation that cells appear to transition toward solid-like with increasing density (4, 6, 8, (11) (12) (13) (14) . This experimental observation contrasts with theoretical models, which demonstrate that the relationship between force and motion can be interpreted through the dimensionless cell perimeter, which is independent of density (15, (17) (18) (19) (20) (21) (22) . To address this conflict, we measured cell forces, perimeters, and motions at different densities and observed increasing density to reduce propulsive tractions, average cell perimeter <q>, and cell rearrangements. Similarly, tractions, perimeters, and rearrangements were reduced by inhibitors of actomyosin contraction. In contrast to current understanding, the changes in perimeter and rearrangements appeared unrelated to cortical tension or cell-cell adhesions. This led to the hypothesis that traction is the primary driver of cell rearrangements. To test this hypothesis, we activated actomyosin contraction in cell islands of high density, which caused cell perimeters and rearrangements to match those in monolayers at low density, thereby reversing the apparent effect of density on cell rearrangements. We conclude that perimeter and rearrangements in an epithelial monolayer are controlled primarily by propulsive tractions.
Our findings provide insights to interpret recent theories and experiments which showed that cell perimeter controls a transition between solid-like and fluid-like states in a cell monolayer (5, 15, (17) (18) (19) (20) (21) (22) . These observations on the importance of perimeter have focused attention on the force-supporting components at the periphery of each cell, namely the cortex and the cell-cell adhesions. Here we studied forces at each cell periphery by imaging phosphorylated myosin in the cortex and E-cadherin at the cell-cell adhesions. According to current understanding (5, 15, (17) (18) (19) (20) (21) (22) (23) , increased phosphorylated myosin would imply greater cortical tension, which would reduce the perimeter; increased E-cadherin would imply greater adhesion, which would increase the perimeter. Phosphorylated myosin and E-cadherin were unchanged by increasing cell density (Fig. 2) , even as the dimensionless perimeter was reduced (Fig. 1g) . In separate experiments, blebbistatin and cytochalasin D each reduced the cortical tension (Fig. 3g-h, i-j) , which would be expected to increase the dimensionless perimeter. By contrast, perimeter was reduced by these treatments (Fig. 3e, f) . Together, these observations imply that the effect of force-supporting proteins at the cell periphery on the cell perimeter is modest if it exists at all.
The data show a strong connection between cell-to-substrate traction, aligned stress fibers, and dimensionless cell perimeter. Though it is clear that stress fibers and traction are closely related, the underlying cause of the increased perimeter is unclear. It may be that increased cell perimeter results from the stress fibers, which may polarize the cell along a specific direction. Alternatively, the increased perimeter may result directly from increased traction as predicted by a theoretical model (19) . In this case, the relationship between perimeter and traction would be an emergent phenomenon, resulting from the complicated balance of forces in the cell monolayer. The precise mechanism is perhaps not so important, however, because either case points to the same conclusion-increased stress fibers and traction produce a greater average dimensionless perimeter <q> and greater cell rearrangements within the cell layer.
The notion that propulsive traction is the key driver of cell shapes and rearrangements in a monolayer provides insight into a previous observation in collective cell migration on the relationship between contraction and motion (5) . Greater contraction would presumably cause greater cortical tension, which would reduce both perimeter and rearrangements. By contrast, experiments observed greater contraction to be associated with larger perimeter and more cell rearrangements (5). This observation was hypothesized to result from a change in the adhesion molecules between cells. Our data suggests a different resolution-that the greater perimeter and cell rearrangements occurred not because of the forces at the cell-cell interfaces but rather because of the cell-substrate tractions. Indeed, greater cell rearrangement was observed previously to coincide with greater traction (5, 25) . Our findings also provide insights into a recent study that proposed density to affect rearrangements by modulating cell-cell adhesions, which were suggested to create an effective friction that increased with density (6) . Though it is possible that friction could affect the migration, our finding that cell perimeters are governed primarily by tractions rather than cortical tension or adhesion suggests that tractions are the primary driver of cell rearrangements.
A logical extension of the observation that cell-substrate tractions control the perimeter and rearrangement more so than cortical tension or cell-cell adhesion is that the energy associated with traction is greater than that associated with cortical tension or adhesion. Cells with large traction and large perimeter have well-established, highly-ordered stress fibers, which are present across the entire area of each cell (e.g., Fig. 4 ). By contrast, contraction in the cortex is present only at the periphery of each cell. As the area associated with the stress fibers is much larger than that associated with cortical tension, the magnitude of force produced in the stress fibers is likely to be far greater than in the cortex, causing the stress fibers, and therefore the tractions that they apply to the substrate, to be the dominant factor affecting cell perimeter and rearrangement. If there are no stress fibers, the cortical tension and cell-cell adhesions could control the cell perimeters and rearrangements. This may be the case in a developing embryo, where there is little traction between cell and substrate (17, (45) (46) (47) (48) . Additionally, cell perimeters are controlled by adhesions and cortical tension in cell spheroids (49) where there are no cellsubstrate tractions.
Recent studies have proposed a jamming phase diagram with different axes representing the factors controlling whether or not cells rearrange positions with their neighbors (12, 16, 19, 44) . Density has been proposed as one axis (12, 16, 44) , but our data show that increasing the tractions can reverse the apparent effect of density on cell perimeter and rearrangements. This can be explained by a theoretical model that proposed an axis of the phase diagram called cell "motility," which is proportional to traction (19) . Other theoretical models have suggested that the axes of cell density and contraction are coupled but nevertheless separate (12, 16) . Although we cannot rule out the possibility that cell density is a distinct axis on the phase diagram, the experiments here demonstrate that effects of cell density can be explained primarily by propulsive cell traction. Another proposed axis of the phase diagram is given by the dimensionless preferred perimeter p0, which results from the balance of adhesion and cortical tension (5, 19) . Though we similarly do not rule out the existence of this axis, our results demonstrate that the actual dimensionless perimeter q is far more sensitive to traction. We expect that in systems where tractions are small, such as an embryo, the situation may be reversed, with adhesion and cortical tension playing a dominant role. It is likely that still other axes of the phase diagram await to be discovered. The importance of traction observed here provides a starting point for future experiments and answer these questions. 
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Figure 5
Increasing cell-substrate tractions reverses effect of density on cell perimeter and cell rearrangements. (a) Average dimensionless perimeter <q> for cells in islands of low density, high density, or high density with the Rho activator CN03 (2 µg/mL). The low density and CN03 groups are different from high density (p < 0.005). (b) Mean square displacement (MSD) for low density, high density, and CN03-treated high density islands. (c) Exponent α of MSD for low density and CN03-treated high density islands are different from untreated high density islands (p < 0.005). (d) Order parameter for high density is smaller than for high density treated with CN03 (p < 0.05). (e) Average RMS traction for high density and CN03-treated high density islands measured over time before (t < 0) and after (t > 0) treatment with vehicle control or CN03. (f) Normalized RMS traction averaged over t = 180-300 min (p < 0.001).
